Several biochemical changes have been described in noradrenergic neurons of the locus coeruleus (LC) after chronic morphine treatment. Changes in neurochemical expression in opioid afferent projections to the LC may be equally important in modulating noradrenergic neurons during chronic opiate exposure. To test the hypothesis that opioid peptides in LC afferents are altered after chronic opiate administration, we exposed adult male rats to either morphine or placebo pellets for 5 d. Tissue sections through the LC were processed for peroxidase or gold-silver labeling of methionine 5 -enkephalin (met-ENK) and analyzed using light or electron microscopy, respectively. Light level densitometry and ultrastructural analysis showed that there was a significant decrease in immunolabeling for ENK in LC-afferent terminals of morphine-treated rats. Western immunoblot analysis confirmed that protein levels for both leucine 5 -and methionine 5 -ENK were significantly decreased in tissue samples containing the LC after chronic morphine treatment. To test whether decreases in ENK protein expression were mirrored by decreases in gene expression, Northern blot analysis of preproenkephalin (PPE) mRNA was conducted in tissue samples obtained through the medulla, a brainstem area that contains the major opioid afferents to the LC. PPE mRNA was reduced in samples obtained from morphine-treated rats. Finally, in situ hybridization experiments confirmed significant decreases in PPE mRNA expression in the nucleus paragigantocellularis, a region known to provide a robust opioid input to the LC. These data suggest that there is a decrease in the synthesis of the opioid peptide mRNA and protein in the medullo-coerulear pathway after chronic exposure to morphine. Such alterations in opioid peptide levels during opiate dependence may contribute to the observed hyperactivity of LC neurons during opiate withdrawal.
Several biochemical changes have been described in noradrenergic neurons of the locus coeruleus (LC) after chronic morphine treatment. Changes in neurochemical expression in opioid afferent projections to the LC may be equally important in modulating noradrenergic neurons during chronic opiate exposure. To test the hypothesis that opioid peptides in LC afferents are altered after chronic opiate administration, we exposed adult male rats to either morphine or placebo pellets for 5 d. Tissue sections through the LC were processed for peroxidase or gold-silver labeling of methionine 5 -enkephalin (met-ENK) and analyzed using light or electron microscopy, respectively. Light level densitometry and ultrastructural analysis showed that there was a significant decrease in immunolabeling for ENK in LC-afferent terminals of morphine-treated rats. Western immunoblot analysis confirmed that protein levels for both leucine 5 -and methionine 5 -ENK were significantly decreased in tissue samples containing the LC after chronic morphine treatment. To test whether decreases in ENK protein expression were mirrored by decreases in gene expression, Northern blot analysis of preproenkephalin (PPE) mRNA was conducted in tissue samples obtained through the medulla, a brainstem area that contains the major opioid afferents to the LC. PPE mRNA was reduced in samples obtained from morphine-treated rats. Finally, in situ hybridization experiments confirmed significant decreases in PPE mRNA expression in the nucleus paragigantocellularis, a region known to provide a robust opioid input to the LC. These data suggest that there is a decrease in the synthesis of the opioid peptide mRNA and protein in the medullo-coerulear pathway after chronic exposure to morphine. Such alterations in opioid peptide levels during opiate dependence may contribute to the observed hyperactivity of LC neurons during opiate withdrawal.
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Locus coeruleus (LC) neurons are inhibited by acute exposure to exogenous opiates, a mechanism mediated by activation of an inward rectifying K ϩ current through coupling with the G i / o family of G-proteins Alreja and Aghajanian, 1993) . After chronic morphine administration, LC neurons develop cellular forms of tolerance and dependence where they gradually recover from the acute inhibitory effects of the drug (Andrade et al., 1983; Christie et al., 1987) . After withdrawal of the exogenous opiates, LC neurons exhibit an augmented activation of their discharge activity (Aghajanian, 1982; Redmond and Huang, 1982; Rasmussen et al., 1990; Akaoka and Aston-Jones, 1991) . This alteration in neuronal activity suggested that the ␣2-adrenergic agonist, clonidine, was therapeutically efficacious because of its known ability to inhibit the neuronal firing rate of noradrenergic LC neurons (Gold et al., 1981; Grant et al., 1988; Hayward et al., 1990; Rasmussen et al., 1990 Rasmussen et al., , 1996 Akaoka and Aston-Jones, 1991; Guitart et al., 1992 Guitart et al., , 1993 Maldonado and Koob, 1993; Aghajanian et al., 1994; Chieng and Christie, 1995; Kogan and Aghajanian, 1995; Maldonado et al., 1995; Rasmussen, 1995; Krystal et al., 1996) . Several hypotheses have been presented to explain this increase in activity. Upregulation of cAMP in LC neurons may account for elevated basal firing rates (Kogan et al., 1992) . In addition, the brainstem circuit linking the nucleus paragigantocellularis (PGi) and the LC has been implicated in contributing to the hyperactivity of LC neurons during opiate withdrawal because of increased glutamatergic transmission in this pathway (Rasmussen and Aghajanian, 1989; Akaoka and Aston-Jones, 1991; Tokuyama et al., 1998) during opiate withdrawal. Changes in neurochemical expression in afferent projections to the LC may be equally important in modulating noradrenergic neurons during chronic opiate exposure. The PGi not only provides the major source of glutamate (Ennis and Aston-Jones, 1988) to the LC but also contributes the major opioid innervation to the LC (Drolet et al., 1992) . We have also shown that the excitatory transmitter, glutamate, coexists with the endogenous opioid peptide, enkephalin (ENK), in a subset of axon terminals in the LC (Van Bockstaele et al., 2000) . Thus, alterations in ENK levels in medullary neurons projecting to the LC after chronic opiate exposure may contribute to the observed hyperactivity of LC neurons during opiate withdrawal by removing an inhibitory influence on LC neurons Abercrombie and Jacobs, 1988) and causing coexisting excitatory transmitters, such as glutamate, to hyperactivate LC neurons.
Several lines of evidence indicate that, in some neuronal circuits, chronic administration of morphine decreases the expression of some endogenous opioid peptides, methionine 5 (met)-ENK and leucine 5 (leu)-ENK (Gudehithlu et al., 1991; Tejwani et al., 1994) , whereas others have not observed such changes (Childers et al., 1977; Fratta et al., 1977; Wesche et al., 1977) . Although differences in the literature may be attributed to variability in routes of drug administration, it is also likely that there are regionally specific changes in ENK expression and protein levels after exposure to opiates. For example, Tejwani and Rattan (1997) have shown a 70% reduction in ENK levels in medullary regions that include the PGi. In the present study, immunocytochemistry and Western blot analysis were conducted after chronic morphine administration to examine levels of endogenous opioid peptide proteins in the LC of rat brain. These techniques showed a decrease in ENK immunoreactivity and protein levels in the LC. This correlated with a decrease in ENK gene expression as shown by Northern blot analysis and in situ hybridization experiments of preproenkephalin (PPE) mRNA in regions known to provide opioid inputs to the LC, specifically the PGi. A persistent diminution in ENK levels in opioid afferents to the LC during withdrawal from opiates would most likely contribute to the observed hyperactivity of these neurons in the withdrawn state.
MATERIALS AND METHODS
Drug administration. Fifty adult male Sprague Dawley rats (Harlan, Indianapolis, I N; 225-275 gm) were used in this study. Rats were subcutaneously implanted with two morphine pellets each (National Institute Drug Abuse: 75 mg morphine base) for a period of 5 d before transcardial perf usion or decapitation. Fresh tissue samples included micropunches of either the LC /peri-LC area or medullary regions. Control rats received placebo pellets. This dosage has been shown to yield physical dependence to the drug (Koob et al., 1992) . These procedures have been approved by the Institutional Animal C are and Use Committee at Jefferson Medical College of Thomas Jefferson University and conform to National Institutes of Health guidelines.
Immunoc ytochemistr y. After a 5 d period, rats were deeply anesthetized with sodium pentobarbital (60 mg / kg) and perf used transcardially through the ascending aorta with 50 ml of 3.8% acrolein (Electron Microscopy Sciences, Fort Washington, PA) and 200 ml of 2% paraformaldehyde in 0.1 M phosphate buffer (PB), pH 7.4. Vibratome sections (40 m thick) containing the LC were placed for 30 min in 1% sodium borohydride in 0.1 M PB to remove reactive aldehydes, rinsed extensively in 0.1 M PB, and incubated for 30 min in 0.5% bovine serum albumin in 0.1 M PB before the primary antibody incubation. Tissue sections containing the LC were incubated at room temperature for 15-18 hr in one of the following: a mouse monoclonal anti-leucine 5 -EN K antibody (1:100; Fitzgerald Laboratories, Concord, M A) or a rabbit anti-methionine 5 -EN K (1:4000; Diasorin Laboratories, Stillwater, M N) (Van Bockstaele et al., 1996a; Van Bockstaele and Chan, 1997) . T wo antisera, a polyclonal antiserum (directed against met-EN K) that recognizes several opioid derivatives of the preproenkephalin A and B precursor, and a monoclonal antiserum (leu-EN K) that selectively recognizes derivatives of the preproenkephalin A precursor, were selected in this study to examine the distribution of EN K using both immunocytochemistry and Western blot analysis in the LC. The leu-EN K antibody displays ϳ40% cross-reactivity with the C -terminalextended met-EN K hexapeptides and 7% cross-reactivity with the extended heptapeptide (-Arg-Phe-OH) but does not recognize ␤-endorphin or dynorphin. The antibody directed against met-EN K was used in the light microscopy analysis. Both met-and leu-EN K antisera were used for the Western blot analysis. Sections were treated with 0.3% Triton X-100 when immunostaining for light microscopic analysis and were not treated with Triton X-100 for immunoelectron microscopic analysis. For light microscopic experiments, antigens were visualized using a standard immunoperoxidase method. Images of immunostained sections were captured using a Dage CCD C72 camera and control unit (using preset gain and black levels), and N IH Image 1.60 software. Uneven illumination across the field was compensated for by subtracting blank fields taken from a slide without tissue, and average pixel densities (out of 256 gray levels) were determined. To compensate for background staining levels, the average pixel density for five small regions that contained nonspecific staining was determined, and this value was subtracted from all density measurements made on that image. Data collected from each region were compared within groups to allow for variations in staining intensities that occur across different immunocytochemical processing runs. Data are reported as means Ϯ SD. Significant decreases between the control and experimental groups were statistically assessed by the Mann -Whitney rank sum test.
For electron microscopy, antigens were visualized using a standard immunogold-silver method (Chan et al., 1990) . Silver intensification of the gold particles was achieved using a silver enhancement kit (Amersham, Piscataway, NJ). Sections were rinsed in 0.1 M PB and incubated in 2% osmium tetroxide in 0.1 M PB for 1 hr, washed in 0.1 M PB, dehydrated, and flat-embedded in Epon 812. Thin sections of ϳ55-65 nm were cut from the outer surface of the tissue with a diamond knife (Diatome, Fort Washington, PA). Portions of the LC were excised, mounted on Epon chucks, trimmed to trapezoidal blocks, and thin-sectioned (70 nm thickness) on a Leica ultramicrotome. Thin sections were collected on copper grids, counterstained with uranyl acetate and Reynolds' lead citrate, and examined with a Hitachi electron microscope. C aptured images of selected thin sections were compared with captured light microscopic images of the blockface before sectioning, and boundaries of the LC were directly mapped onto images of thin sections selected for analysis (Fig. 3) . The plastic tissue interface was determined on sections examined from placebo and experimental groups such that comparable depths could be evaluated from the surface of ultrathin sections and direct comparisons could be made between them (Fig. 3A) . A profile containing one or two gold particles that was unlabeled in adjacent thin sections was designated as lacking detectable immunoreactivity. As observed in low-magnification electron micrographs, cellular compartments containing at least two or three gold particles were considered to be immunoreactive.
Western immunoblots. For Western blot analysis, samples were collected through the LC area of placebo-or morphine-treated rats and extracted in RI PA buffer containing the following inhibitor mixture: 3 mM sodium pyrophosphate, 50 mM sodium fluoride, 50 g /ml aprotinin, 5 g /ml leupeptin, 1 mM sodium vanadate, and 0.5 mM phenylmethylsulfonyl fluoride. Protein levels were quantitated from each sample, and soluble fractions were loaded at equal protein concentrations (37 g per lane). The proteins were separated in a 4 -20% Tris-glycine gel (Novex, San Diego, CA) and then electrophoretically transferred to Immobilon-P membrane (Millipore, Bedford, M A) at 290 mA for 3.5 hr. The blots were incubated in a TBS buffer containing 5% Blotto (nonfat dry milk) and 0.1% T ween 20 for 1 hr to block nonspecific binding sites and then incubated overnight at 4°C in primary antibody (1:1000). Blots were washed with TBS containing 0.1% T ween 20 and then incubated with horseradish peroxidaseconjugated antibodies from Amersham Life Sciences (Arlington Heights, IL) at a dilution of 1:7000 for 1 hr, followed by additional washes before developing with ECL reagents from Amersham Life Sciences. Blots were exposed to X-OM AT AR film from Kodak (Rochester, N Y) for different lengths of time to optimize exposures. Bands on film were acquired for analysis using a TWAI N compliant scanner (Hewlett Packard Scan Jet 3C). Variations in the optical density of bands were compared using Kodak Digital Science I D.
R NA probe preparation. T wo plasmids containing the entire coding region of rat PPE cDNA were a generous gift of Dr. S. Sabol (National Institutes of Health, Bethesda, MD). They were prepared by ligation of the 935 bp SacI-SmaI fragment of plasmid pRPE2 (Yoshikawa et al., 1984) into the plasmids pSP64/pSP65. For Northern blot analysis, pYSEC1 yielded transcripts that contained the coding sequence of PPE, whereas pYSEA1 transcripts served as controls.
Radioactive antisense cRNA copies were synthesized by incubation of 250 ng of linearized plasmid in 6 mM MgC l 2 , 30-40 mM Tris, pH 7.9, 2 mM spermidine, 10 mM NaC l, 10 mM dithiothreitol, 0.2 mM ATP/GTP/C TP, (␣-35 S)UTP, 40 U of RNAsin, and 20 U of SP6 RNA polymerase for 60 min at 37°C. Unincorporated nucleotides were removed using the ammonium acetate method; 100 l of DNase solution (1 l of DNase, 5 l of 5 mg /ml tRNA, 94 l of 10 mM Tris/10 mM MgC l 2 ) was added, and 10 min later an extraction was accomplished using a phenol chloroform solution. The cRNA was precipitated with 80 l of 5 M ammonium acetate and 500 l of 100% ethanol for 20 min on dry ice. The pellet was washed with 500 l of ethanol, dried, and resuspended in 100 l of 10 mM Tris/1 mM EDTA, pH 8.0. A concentration of 10 7 cpm probe was mixed into 1 ml of hybridization solution (500 l of formamide, 60 l of 5 M NaC l, 10 l of 1 M Tris, pH 8.0, 2 l of 0.5 M EDTA, pH 8.0, 20 l of 50ϫ Denhardt's solution, 200 l of 50% dextran sulfate, 50 l of 10 mg /ml tRNA, 10 l of 1 M DTT, 118 l of DEPC water minus volume of probe used). This solution was mixed and heated for 5 min at 65°C before being spotted on slides. Radioactive sense (control) cRNA copies were also prepared to verif y the specificity of each probe. Hybridization with these probes did not reveal any positive signal.
R NA isolation and Northern blot anal ysis. Total cellular RNA (tcRNA) was isolated from 1 to 2 gm of each specific rat tissue according to the methods of Chirgwin et al. (1979) . The tissues examined included the medulla, striatum, and heart of adult Sprague Dawley rats treated with either placebo or morphine pellets. tcRNA of each tissue was quantitated spectrophotometrically, and these values were confirmed by agarose/formaldehyde gel electrophoresis in the presence of 100 g /ml ethidium bromide. Northern blot (RNA blot) analysis was performed with 10 g of total cellular RNA using 2% agarose/formaldehyde gels and Biotrans nylon membranes (IC N Pharmaceuticals, Costa Mesa, CA). The Northern blots were probed with the pYSEA1-and pYSEC1-specific (950 bp) fragments in accordance with the prehybridization, hybridization, and wash conditions outlined below. The blots were prehybridized in 6ϫ SSC (1ϫ SSC is 0.15 M NaC l plus 0.015 M sodium citrate), 5ϫ Denhardt's, 1% SDS, 100 mM sodium phosphate, pH 6.5, 250 g of salmon sperm DNA per ml at 65°C for 2 hr. Denatured probe was added directly to this mixture, and the membrane was hybridized overnight at 65°C. The hybridization solution was discarded, and the membranes were washed three times for 5 min each and one time for 20 min at room temperature in 2ϫ SSC -0.2% SDS. The membranes were then washed once for 20 min at room temperature and once for 1 hr at 65°C with vigorous agitation in 0.2ϫ SSC -0.2% SDS. Later, these same Northern blots were stripped and reprobed with glyceraldehyde phosphate dehydrogenase (GAPDH) for the purpose of normalization.
Northern blots were exposed to Kodak X-OM AT AR film using an intensif ying screen, and multiple exposures were quantitated in the linear range using an L K B Ultrascan X L Enhanced Laser Densitometer and the Gelscan X L program (Pharmacia L K B Biotechnology, Piscataway, NJ). Quantitation values represent an average of multiple scannings of multiple blots to eliminate blot / band inconsistencies. Quantitation values were normalized to a standard specific activity, exposure time, and GAPDH expression. The resulting quantitation values were reported as a specific fold increase or decrease over the baseline value.
In situ hybridization histochemistr y. Protocols for riboprobe synthesis, hybridization, and autoradiographic localization of mRNA signal were adapted from Simmons et al. (1989) . All solutions were prepared in RNase-free conditions and sterilized to prevent RNA degradation. Tissue sections mounted onto poly-L-lysine-coated slides were desiccated under vacuum overnight, fixed in 4% paraformaldehyde for 20 min, and digested by proteinase K (20 mg /ml in 100 mM Tris HC l, pH 8.0, and 50 mM EDTA at 37°C for 25 min). Thereafter, the brain sections were rinsed in sterile DEPC water followed by a solution of 100 mM triethanolamine (TEA), pH 8.0, acetylated in 0.25% acetic anhydride in 100 mM TEA, and dehydrated through graded concentrations of alcohol (50, 70, 95, and 100%). After being dried under vacuum for a minimum of 2 hr, 90 l of hybridization mixture (10 7 cpm /ml) was spotted on each slide, sealed under a coverslip, and incubated at 60°C overnight (ϳ15-20 hr) in a slide warmer. Coverslips were then removed, and the slides were rinsed in 4ϫ SSC at room temperature. Sections were digested by RNase A (10 mg /ml, 37°C, 30 min), rinsed in decreasing concentrations of SSC (2ϫ, 1ϫ, 0.5ϫ SSC), washed in 0.1ϫ SSC for 30 min at 60°C, pH 7.0, and dehydrated through graded concentrations of alcohol. After being dried for 2 hr under vacuum, the sections were exposed at room temperature to x-ray film (MR-1 Biomax, Kodak) for 18 hr, defatted in xylene, and coated with N TB2 nuclear emulsion (Kodak; diluted 1:1 with distilled water). Slides were exposed for ϳ6 d, developed in D19 developer (Kodak) for 3.5 min at 14 -15°C, rinsed in distilled water, and fixed in rapid fixer (Kodak) for 5 min. Thereafter, tissues were rinsed in running distilled water for 1-2 hr, dehydrated through graded concentrations of alcohol, cleared in xylene, and coverslipped with DPX neutral mounting medium (Aldrich, Milwaukee, W I).
Blind quantitative analysis of hybridization signal for the EN K mRNA signal in the PGi was performed on x-ray film (MR-1, Kodak). Transmittance values of the hybridization signal were measured using a Northern Light Desktop I lluminator (Imaging Research, St. C atharine, Ontario, C anada) with a Micro-Nikkor 60 mm mounted Sony camera coupled to a Power MacIntosh 8600/300. The signal was analyzed with N IH Image software, version 1.61 (W. Rasband, National Institutes of Health, Bethesda, MD). Densitometric analysis yielding measures of optical density was performed according to a standard scale that was established using 14 C standard slides (American Radiolabeled Chemicals, St. L ouis, MO).
RESULTS

Light microscope and electron microscope analysis of ENK in LC
Alternate sets of sections were processed in parallel for either peroxidase localization of ENK immunoreactivity for light microscopic analysis (Fig. 1 A, B) or immunogold-silver localization of ENK for ultrastructural analysis (Fig. 1C, D) . In sections obtained from placebo-treated rat brains, peroxidase labeling for ENK (Fig.  1 A) was moderately distributed within the portion of the LC containing noradrenergic cell bodies (nuclear LC "core") and was densely distributed in peri-LC areas including the dorsolateral peri-LC immediately ventral to the superior cerebellar peduncle as previously described (Van Bockstaele et al., 1995) . Immunolabeling of ENK in sections through the LC obtained from morphinetreated rats (Fig. 1 B) was decreased in both LC and peri-LC areas using brightfield microscopy.
To better quantify decreases in ENK immunoreactivity, subregions of the LC exhibiting peroxidase labeling for ENK were analyzed using brightfield microscopy densitometry throughout the rostrocaudal extent of the dorsal pons. As shown in Figure 2 , A and B, the LC was subdivided according to the location of noradrenergic cell bodies as well as the location of noradrenergic dendrites known to extend from LC cell bodies (dorsolateral peri-LC, pLC dL ; rostromedial, pLC rm ). In the caudal and rostral subdivisions, varicose processes exhibiting peroxidase labeling for ENK were distributed in both LC and peri-LC areas. Light level densitometric analysis confirmed that immunoperoxidase labeling for ENK was decreased in sections obtained from morphine-treated rats (Fig.  2C) . A statistically significant decrease could be discerned between the rostral and caudal LC ϩ pLC rm , whereas the caudal and rostral pLC dL did not exhibit statistically different amounts of ENK immunoreactivity (Fig. 2 D) . These data suggest that the core of the LC ϩ pLC rm exhibits a greater decrease in ENK immunoreactivity as compared with the dorsolateral peri-LC area.
For electron microscopy, the core of the LC was sampled, and immunogold-silver detection was used to visualize ENK immunoreactivity. Maps were made of the ultrathin, serially cut sections containing ENK-labeled terminals (Fig. 3A) , and the plastic/tissue interface was determined. At the ultrastructural level, ENK immunoreactivity appeared as punctate black particles within axon terminals in the LC and peri-LC areas (Fig. 1C, D) . Gold-silver labeling for ENK was distributed throughout the axoplasm in axon terminals that contained small clear and large dense-core vesicles (Fig. 1 D) . Random axonal profiles containing gold-silver labeling for ENK at the plastic/Epon interface were tallied, and the number of gold particles per axon terminal was counted. Approximately 35 profiles were examined from either placebo-or morphine-treated rats. The Mann-Whitney rank sum test indicated that there was a significant decrease in the number of gold particles within axon terminals sampled from the morphine-treated rat group (Fig. 3B) as compared with the placebo-treated rats.
Western blot analysis
To determine whether chronic exposure to morphine resulted in quantitative decreases in either met-ENK or leu-ENK levels, microsamples were collected through the LC and processed for Western blot analysis. Both opioid peptides were expressed in the LC and peri-LC areas, as previously described, using light level immunocytochemistry (Van Bockstaele et al., 1995 , 1996a Van Bockstaele and Chan, 1997) . Several bands representing fragments of opioid precursor derivatives could be discerned in both immunoblots. The met-ENK antiserum recognizes fragments from both preproenkephalin A and B. However, the leu-ENK antibody only recognizes derivatives of the preproenkephalin A precursor and does not recognize dynorphin peptides or ␤-endorphin. Samples obtained from the placebo and experimental rats showed differential expression of opioid peptides. Bands located above the 33.9 kDa marker, which most likely represents the proenkephalin-like opioid peptide, exhibited a reduction in morphine-treated tissue samples. Specifically, for leu-ENK-labeled Western blots, the reduction ranged from 71 to 80%. Decreases for met-ENK ranged from 31 to 60%. These data suggest that chronic exposure to morphine decreases the amount of endogenous opioid peptides in the LC/peri-LC area (Fig. 4) .
Northern blot analysis
Northern blot analysis of a probe recognizing an mRNA transcript for PPE, which was conducted on samples obtained from the medulla, striatum, and heart (control sample) of rats receiving placebo or morphine pellets for 5 d, identified a band of ϳ950 bp (Fig. 5 ). Higher levels of PPE mRNA were expressed in the striatum (Fig. 5D ), as compared with PPE mRNA levels of samples obtained from the medulla (Fig. 5B) or heart (Fig. 5E ), in placebotreated rats. In samples obtained from morphine-treated rats, PPE mRNA was similar to that of samples obtained from placebotreated rats. In contrast, medullary regions obtained from morphine-treated rats exhibited a twofold decrease in PPE mRNA Figure 2 . Light level densitometry measurements of coronal tissue sections taken from placebo-and morphine-treated rats that were processed for immunoperoxidase localization of ENK. A, B, Representative sampling of regions defined as LC (which comprises the core of the LC) and peri-LC (which comprises the dorsolateral aspect, pLC dL , as well as the rostromedial, pLC rm ) at both caudal and rostral levels of the dorsal pons of control rats. The nuclear LC consists of portions of the dorsal pontine tegmentum containing noradrenergic cell bodies, whereas the peri-LC areas contain noradrenergic dendrites. Because the ENK labeling is extensive in peri-LC areas and extends into the medial parabrachial, sampling was restricted to portions of the neuropil known to contain noradrenergic dendrites. C, D, Bar graphs illustrating quantification of pixel values obtained from LC and peri-LC areas shown in A and B. In C, the values for the LC and pLC were combined, whereas in D the samples are shown for caudal ϩ rostral LC/pLC rm and caudal ϩ rostral pLC dL areas. Note that there is a statistically significant decrease in peroxidase immunolabeling in samples obtained from morphine-treated rats. There is also a statistically significant decrease in the caudal ϩ rostral LC/pLC rm obtained from morphine-treated rats. expression (Fig. 5A) , as compared with morphine-treated rats (Fig.  5B) . Ethidium bromide staining and GAPDH expression demonstrated that similar quantities of total cellular RNA were added to all lanes (data not shown). These results indicate that the effects of morphine on ENK levels in the LC are the result of changes in gene expression of PPE mRNA.
In situ hybridization analysis
In situ hybridization for PPE mRNA revealed a relatively high positive signal within PGi neurons of saline-treated rats (Fig.  6 B, C) . Morphine treatment significantly reduced the expression of PPE mRNA in the PGi of morphine-treated rats (optical density: saline 2.93 Ϯ 0.08, morphine 2.21 Ϯ 0.11 arbitrary units, p Ͻ 0.0009) (Fig. 6 B, C) .
DISCUSSION
This study provides convergent lines of evidence showing a decrease in opioid peptides in afferents to LC and peri-LC areas of opiate-dependent rats. In addition, the decrease in mRNA for PPE in medullary regions, such as the PGi, known to provide opioid input to the LC suggests that opioid peptide gene expression is diminished after chronic morphine exposure. Decreases in endogenous opioids in LC afferents are likely to influence the physiological activity of LC neurons. We have previously provided ultrastructural evidence that ENK coexists with glutamate in a subset of afferent terminals in the LC (Van Bockstaele et al., 2000) . A persistent diminution in the presence of ENK in glutamatergic terminals in the LC during opiate withdrawal would suggest that there is a removal of an endogenous inhibitory transmitter that would normally hyperpolarize LC neurons. Thus, diminution in opioid-mediated synaptic transmission may contribute to the observed hyperactivity seen in the LC after withdrawal from opiates.
ENK is decreased after chronic morphine treatment in LC afferents
The present set of studies adds to the existing literature by showing decreases in endogenous opioid peptides in the medullo-coerulear pathway after chronic morphine administration. Decreases in the release of inhibitory-type neurotransmitters from LC afferents dur- Trapezoids included the LC/peri-LC areas from placeboand morphine-treated rats. Sections were collected in serial order from the face of the block. Only sections containing the tissue/plastic (resin) interface were included in the analysis so that the results were not thwarted by variations in immunocytochemical labeling based on distances from the surface of the blockface. B, Bar graph showing that ENK-labeled axon terminals from the LC of morphine-treated rats exhibited fewer gold-silver particles as compared with ENK-labeled axon terminals analyzed from placebo-treated rats. Figure 4 . Western blot analysis of samples obtained from the LC of placebo-treated ( P) and experimental ( E) morphine-treated rats. Expression of the primary antibody directed against met-or leu-ENK was readily detected in microsamples obtained through the LC region. Multiple bands were detected on the gel; however, proteins that migrated above the 33.9 kDa marker most likely represent the migration of proenkephalin-like opioid peptides. Expression was reduced in samples of the LC obtained from morphine-dependent rats ( E). The bar graph represents the mean net intensity observed from Western blots (n ϭ 6) processed for met-ENK from placebo-and morphine-treated rats. ing opiate dependence may contribute, along with the reported alterations in signal transduction elements (Nestler and Aghajanian, 1997) , to the altered phenotype observed after withdrawal from morphine. Specific changes in endogenous opioid peptide systems occur as a result of chronic opiate administration. For instance, chronic administration of morphine inhibits the release and biosynthesis of ␤-endorphin by exerting a negative feedback on pro-opiomelanocortin neurons (Bronstein et al., 1993) . In other paradigms, the induction of limbic seizures by administration of kainic acid (Hong et al., 1988) has been shown to affect opioid peptide expression in a temporal fashion. Specifically, seizures initially release ENK from mossy fibers and subsequently increase the synthetic rate of opioid peptide-containing neurons in the hippocampus (Hong et al., 1993) .
The results of this study suggest transmitter-specific neuroadaptations that occur in the medullo-coerulear circuit after chronic morphine treatment. In opiate-dependent rats, there is a marked increase in the discharge rate of noradrenergic LC neurons during antagonist-induced withdrawal (Aghajanian et al., 1994) , which may be related to upregulation of cAMP in LC neurons (Kogan et al., 1992; Nestler et al., 1993) . In vivo studies have also suggested that an increase in the release of excitatory amino acids from extrinsic afferents, such as from the PGi of the rostralventral medulla, occurs in the LC during withdrawal from opiates (Aghajanian et al., 1994; Zhang et al., 1994) . However, additional brain nuclei are also likely be involved in mediating the somatic signs of opiate withdrawal (Christie et al., 1997; Caille et al., 1999; Delfs et al., 2000) because chemical lesions of the LC before induction of dependence do not attenuate all somatic signs precipitated by systemic naloxone (Chieng and Christie, 1995; Caille et al., 1999; Delfs et al., 2000) .
Topographic decreases in ENK immunoreactivity within LC and peri-LC areas may be attributed to differences in the opioid innervation of these subregions by different opioid-containing afferents. We have previously identified the nucleus prepositus hypoglossi and the PGi as endogenous sources of ENK to the "nuclear" or core portion of the LC (Drolet et al., 1992) . However, we now have evidence that additional afferents from opioid-enriched regions such as the central nucleus of the amygdala and the nucleus of the solitary tract (NTS) (Van Bockstaele et al., 1996b , 1999a target peri-LC areas that contain noradrenergic dendrites of LC neurons. The present study supports alterations in opioid innervation to the nuclear or core aspect of the LC because this region exhibited a significant decrease in ENK innervation as compared with peri-LC areas. Interestingly, the core of the LC was shown to be the region containing most of the dually labeled synaptic endings containing both ENK and glutamate (Van Bockstaele et al., 2000) . Taken with the decrease in PPE mRNA in medullary regions known to provide ENK innervation to the LC, our data suggest that ENK projections to the core aspect of the LC are selectively decreased. Opioid-containing afferents may also target specific subsets of LC somata and dendrites that may have distinct postsynaptic targets. It is known that noradrenergic neurons in the ventral aspect of the LC target medullary and spinal cord sites, whereas dorsal noradrenergic neurons project primarily to forebrain sites (Loughlin et al., 1986) . Thus, ENK levels within projections from the medulla to the LC are decreased after chronic morphine treatment.
Expression of opioid peptide mRNA in medullary neurons
The present data using Northern blot analysis and in situ hybridization experiments reveal that decreases in ENK peptides in the LC are most likely attributed to decreases in the synthesis of PPE mRNA in neurons afferent to the LC, such as the PGi. Interestingly, others (Tejwani et al., 1994) have shown a 70% decrease in ENK levels in medullary regions of morphine-tolerant animals using radioimmunoassay experiments. Several lines of evidence point to alterations in PGi neurons during withdrawal. Increased c-fos expression has been reported in the PGi after chronic morphine treatment (Stornetta et al., 1993) . Increased neuronal activity of presumed adrenergic neurons of the C1 cell group has also been reported during naloxone-precipitated withdrawal (Baraban et al., 1995) . Lesions of the PGi have been shown to attenuate the hyperactivity seen after precipitated opiate withdrawal (Rasmussen and Aghajanian, 1989 ). We have recently described how PGi neurons that project to the LC exhibit prominent immunolabeling for opioid receptors (ORs) (Van Bockstaele et al., 1999b) , suggesting the hypothesis that alterations in ORs in afferent neurons to the LC may affect the physiological activity of these afferent neurons and, subsequently, neurotransmitter release in LC. Taken together, these data suggest a critical role for circuits originating from the PGi. Because we have previously shown that the ventral medulla provides a significant opioid innervation to the LC, our results extend these observations by showing that decreases in opioid peptide mRNA most likely translate to decreased levels of ENK at postsynaptic targets such as the LC. Decreases in ENK immunoreactivity in LC afferents after chronic morphine administration may be surprising in light of reports indicating increased levels of cAMP in a host of neurons. Chronic morphine has been shown to increase total levels of cAMP response element binding activity, which in turn should increase expression of the proenkephalin gene and raise ENK levels (Comb et al., 1986; Van Nguyen et al., 1990) . However, in certain brain areas (such as the cortex), it has been shown that ENK levels are decreased in the presence of increased cAMP (Sheu et al., 1995) . In the medullo-coerulear pathway, it is believed that cAMP levels are altered in LC neurons during chronic exposure to morphine; however, the relationship between cAMP and PPE mRNA expression in medullary projections to the LC has not been investigated. Therefore, although ENK and cAMP are altered during morphine tolerance and dependence, it is still not clear how cAMP affects ENK levels and whether the changes in the levels of cAMP and ENK are interrelated, which may affect the development of morphine tolerance and abstinence (Konradi et al., 1995) .
It is tempting to speculate that neurons in the PGi may be poised for coactivating several brain sites that may participate in opiate withdrawal. We previously demonstrated that PGi neurons send axonal collaterals to both the LC and the NTS (Van Bockstaele and Aston-Jones, 1992). The concept that collaterals of PGi neurons may be important in activating additional brainstem circuits is supported by the recent description of the involvement of projections from the NTS to the bed nucleus of the stria terminalis (BNST) in mediating opiate withdrawal (Delfs et al., 2000) . Local microinjections of the ␤-receptor antagonist, propranolol, attenuated withdrawal-induced aversion and also reduced teeth chatters, eye twitches, and wet-dog shakes (Aston-Jones et al., 1999) . c-fos expression in the BNST, which is normally increased after withdrawal from opiates, was also shown to be significantly reduced in rats pretreated with propranolol (Aston-Jones et al., 1999) .
Functional implications
Assigning a specific neuronal pathway to the mediation of the opiate withdrawal syndrome is not possible. However, it is feasible to dissect changes in defined groups of neurons once alterations in these pathways are known. The benefit of studying the medullocoerulear pathway is that there is substantial information available regarding its physiology and anatomy, and it is clear that this pathway undergoes changes after precipitated withdrawal. Our results indicate that there are decreases in ENK immunoreactivity in the LC after chronic opiate administration. Taken together with our recent description that ENK and glutamate are cotransmitters in a subset of axon terminals in the LC (Van Bockstaele et al., 2000) , we postulate that during chronic opiate treatment, there is an imbalance in the levels of ENK (possibly in glutamatergic afferents) in axon terminals innervating LC neurons during chronic opiate dependence that may contribute to hyperactivity of these neurons during withdrawal.
